Background We previously demonstrated vagal neural pathways, specifically subdiaphragmatic afferent fibers, regulate expression of the intestinal sodium-glucose cotransporter SGLT1, the intestinal transporter responsible for absorption of dietary glucose. We hypothesized targeting this pathway could be a novel therapy for obesity. We therefore tested the impact of disrupting vagal signaling by total vagotomy or selective vagal de-afferentation on weight gain and fat content in diet-induced obese rats. Methods Male Sprague-Dawley rats (n = 5-8) underwent truncal vagotomy, selective vagal de-afferentation with capsaicin, or sham procedure. Animals were maintained for 11 months on a high-caloric Western diet. Abdominal visceral fat content was assessed by magnetic resonance imaging together with weight of fat pads at harvest. Glucose homeostasis was assessed by fasting blood glucose and HbA1C. Jejunal SGLT1 gene expression was assessed by qPCR and immunoblotting and function by glucose uptake in everted jejunal sleeves. Results At 11-months, vagotomized rats weighed 19% less (P = 0.003) and de-afferented rats 7% less (P = 0.19) than shams. Vagotomized and de-afferented animals had 52% (P \ 0.0001) and 18% reduction (P = 0.039) in visceral abdominal fat, respectively. There were no changes in blood glucose or glycemic indexes. SGLT1 mRNA, protein and function were unchanged across all cohorts at 11-months postoperatively. Conclusions Truncal vagotomy led to significant reductions in both diet-induced weight gain and visceral abdominal fat deposition. Vagal de-afferentation led to a more modest, but clinically and statistically significant, reduction in visceral abdominal fat. As increased visceral abdominal fat is associated with excess morbidity and mortality, vagal de-afferentation may be a useful adjunct in bariatric surgery.
Introduction
Obesity, together with associated type 2 diabetes mellitus (T2DM), is a major public health and economic problem facing the developed world. Obesity in particular has become a surgical disease, with surgery providing the only treatment modality delivering sustained weight loss and resolution of co-morbidities, specifically T2DM [1] . The impressive impact of these procedures on glucose homeostasis has led to the recent interest in metabolic surgeries, where weight loss operations are offered to those with T2DM. Unfortunately, most bariatric surgeries are major interventions with appreciable morbidity and mortality, thus limiting their availability to only severely obese diabetics (BMI [ 35) [1] . This consideration has led to increasing interest in vagal-targeted therapies because interventions such as laparoscopic truncal vagotomy are relatively minor surgical procedures [2] . Indeed, as early as the 1980s, vagotomy was promoted as a weight-loss procedure and resulted in improved glycemic control [3, 4] , although subsequently lost favor with the development of gastric bypass and banding procedures. Whilst there is evidence for weight-loss benefits from vagotomy and vagal blockade [5] , historically, experience with truncal vagotomy has been complicated by poor tolerance due to the complications of motor vagotomy, such as dumping syndrome and diarrhea. As a strategy to avoid these side effects, we examined the impact of selective vagal ablation therapy, using capsaicin to block the afferent fibers without any motor disruption, on total and visceral weight as well as intestinal nutrient transport [6] .
As a novel therapeutic approach to treating obesity and associated T2DM, we focused on the intestinal Na?/glucose cotransporter SGLT1. This transporter is responsible for all active intestinal glucose transport under physiological conditions [7] . Hypothetically, reducing SGLT1-mediated glucose transport function would slow glucose absorption after meals, reducing post-prandial hyperglycemia, and increasing ileal delivery of glucose, with its ensuing satiety effects. Thus, suppressing SGLT1 might be expected to have anti-diabetic and anti-obesity effects. These have indeed been demonstrated in both rodents and patients, using phloridzin, an inhibitor of SGLT1, which is capable of improving oral glucose tolerance [8, 9] .
In recent work, we and others have shown that afferent or total vagotomy [6] led to a reduction in SGLT1 protein circadian rhythmicity with a reduction in peak SGLT1 expression, through apparently post-transcriptional mechanisms. We therefore hypothesized that long-term vagotomy or vagal de-afferentation would suppress intestinal glucose transport capability and therefore prevent development of obesity in rats.
In this study, we set out to establish the effect of vagotomy or de-afferentation on development of obesity in a diet-induced obese rat model. Animals underwent afferent or total vagotomy (using capsaicin, the ''hot'' component of chilli peppers, directly applied to the vagus to induce de-afferentation [6] ) or a sham procedure, and were then maintained for 11 months on a high-carbohydrate, high-fat diet. We now show that vagotomy or vagal de-afferentation lead to a reduction in the deposition of intra-abdominal fat in an age-associated obesity model. Postoperatively, animals were weighed daily or every other day through day 10 and subsequently weighed weekly or biweekly. Animals were maintained for 11 months after surgery. We monitored the animals for 11 months based on other rodent studies which had shown male Sprague-Dawley rats to reach their peak weight at just before 1 year old. At this age, the male rats had also reached plateau level for body fat levels too [10] . In the final 3 weeks of experimentation, animals underwent abdominal magnetic resonance imaging (detailed below) for assessment of retroperitoneal fat volume. Throughout the penultimate week, daily food intake was measured for all animals: animals were transferred to single cages, and the mass of food remaining at 7 pm was subtracted from that provided 24 h previously. At least 5 days prior to harvest, animals were fasted from 7 am, and underwent fasting blood glucose measurement under light isoflurane anesthesia (1-2% in oxygen) at 7 pm; blood was measured using a hand-held glucometer (oneTouch Ultra; Lifescan, Milpitas, CA) from a drop of blood from tail vein prick.
Methods

Reagents
On the day of harvest, animals were anesthetized with 1-2% isoflurane at 10 pm (time of peak intestinal glucose transport function and SGLT1 protein expression). Tissue was harvested as below, and animals euthanized.
Surgical Procedures
Animals were randomized to either sham procedure, vagal de-afferentation with capsaicin, or total vagotomy (n = 7-8), as previously described [6] . Animals were anesthetized with 50 mg/kg IP sodium pentobarbital injection, and underwent midline laparotomy under aseptic conditions. Total subdiaphragmatic vagotomy was performed under 109 magnification. For de-afferentation, capsaicin 2 mg/mL in vehicle solution (90% olive oil and 10% Tween 80 v/v) was applied topically to the vagal trunks for 30 min, with parafilm preventing general dispersal in the peritoneal cavity. For sham procedure, the vehicle alone was applied. The abdomen was thoroughly lavaged with normal saline before closure with vicryl sutures. Buprenorphine 0.05 mg/kg SC was administered twice daily for the first 48 h after surgery as analgesia.
Magnetic Resonance Imaging
Animals were imaged using a 4.7-tesla Bruker BioSpin small animal magnetic resonance (MR) imager (Bruker, Billerica, MA), with T1-weighted spin (TR = 1,750 ms, TE = 14.4 ms, flip angle = 180, field of view = 70 mm, acquisition matrix = 256 9 256). Animals were anesthetized using 1-2% isoflurane in oxygen, placed in a custommade cradle, and respiratory rate monitored throughout the procedure. The abdomen was imaged from the upper excursion of the diaphragm through to the femoral heads/ bladder trigone, using 1 mm slices at 1.25 mm intervals (thus 250-lm interslice distance).
Image analysis was performed on publicly-available analytical software (3D Slicer; www.slicer.org) by an independent investigator (A.R., 2 years experience in image segmentation) blinded to the experimental treatment. Axial slices from dome of the diaphragm to the head of the right femur were reviewed. In each slice, retroperitoneal fat was outlined using 3D Slicer software. Sagittal and coronal slices were used as segmentation guides if needed. The mass of retroperitoneal fat was calculated from its volume, determined by integration with the 3D Slicer software, using a conversion factor of 0.9007 g/cm 3 .
Tissue Harvest
Tissue harvests were performed at 10 pm EST, the time of peak intestinal glucose transport capacity [11] . A midline laparotomy was performed under anesthesia. Blood (1 mL) was drawn from the inferior vena cava and placed in EDTA tubes for glycated hemoglobin measurement. The jejunum was transected at the ligament of Trietz, and flushed with ice-cold mammalian Ringer's solution while still on the mesenteric pedicle. The jejunum was excised, and segments reserved for functional uptake studies. Mucosa was harvested from remaining sections by scraping with a glass slide over ice. Mesenteric and epididymal fat pads were carefully dissected and weighed. In some, retroperitoneal fat pads were also dissected solely for illustrative purposes. Finally, the liver was excised, blotted and weighed. Three samples (*1 cm 3 ) were taken from each lobe, weighed to determine exact wet weights, and frozen for subsequent fat content analyses.
Functional Glucose Uptake Studies
We have previously described our method for measuring functional glucose uptake capacity using the everted sleeve technique [11] . Briefly, 1-cm lengths of proximal jejunum were everted over steel rods, equilibrated in ice-cold mammalian Ringer's solution (MR; 128 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 20 mM NaHCO 3 , pH 7.38; oxygenated with 95%02/5% CO2), before warming to 38°C for 4 min. Tissue segments were then transferred to uptake solution, containing 50 mM D-glucose in oxygenated MR, together with tracer quantities of 14 C-D-glucose and 3 H-L-glucose as a volume control. Uptake was performed for 60 s, before washing with cold MR. Everted sections were solublized overnight in 500 lL of soluene 350 at 55°C, 4 mL hyonic fluor scintillation fluid was added and uptake measured on a dual-chamber scintillation counter (Beckman-Coulter, Fullerton, CA).
SGLT1 Analysis
For protein studies, we employed a standard protein extraction protocol as described previously [12] . Mucosa was homogenized in 1 mL of Triton X-100 lysis buffer containing 10 lL protease inhibitor and separated on a centrifuge at 11,000g for 15 min at 4°C. A total of 60 lg protein was denatured in LDS buffer and separated on a 10% bis-tris gel before transferring to PVDF membranes. These were blotted using a-SGLT1 antibodies (1:4,000, Chemicon) and antibodies detected using HRP-conjugated a-rabbit secondary antibodies (1:5,000, Vector Labs). Actin (1:500, Neomarkers) was used as a loading control. Semi-quantitative densitometry was performed using Image J, and SGLT1 protein expression quantified relative to actin expression [12] .
SGLT1 qPCR
SGLT1 mRNA quantification was as previously described [6] . Total mRNA was extracted using mirVana extraction kit (Ambion, Austin, TX), and 5 lg total RNA reversed using a Superscript III kit (Invitrogen, Carlsbad, CA). Quantitative PCR was performed using SYBRgreen on an Dig Dis Sci (2012) 57:1281-1290 1283
ABI7900HT thermal cycler (Applied Biosciences, Foster City, CA), using primers for
. SGLT1 transcription was normalized to Actin expression.
Liver and Abdominal Visceral Fat Content
Liver fat content was assayed according to the Folch technique [13] . Assays were performed in triplicate for each animal. Frozen liver tissue (1 g) was homogenized in 2:1 v/v chloroform:methanol solution made up to 15 mL. The homogenate was then filtered through 0.22 lm filter paper, and the filter paper and residue washed with 5 mL of 2:1 chloroform:methanol. The filtrate was made up to 20 mL with chloroform:methanol, vortexed with 4 mL 0.74% KCl, and allowed to separate overnight. The upper phase was carefully removed and discarded, and the interphase carefully washed twice with 1.5 mL upper phase solvent (upper phase of 8:4:3 chloroform:methanol:0.74% KCl v/v). The lower phase was then placed into a preweighed aluminum fold dish and allowed to evaporate before weighing to calculate fat mass. Fat percentage was then expressed as a percentage of wet tissue mass:
Fat % ¼ ðdry fat massÞ=ðwet liver section massÞ;
As wet tissue mass of the whole liver was known, the total liver fat mass could then be calculated:
Liver fat mass total ¼ Total liver mass Â (fat %=100Þ:
Mean intra-animal variation was calculated (4.3 ± 0.6%), suggesting acceptable assay replicability and accuracy.
Total intra-abdominal fat content was calculated from the sum of retroperitoneal fat (as measured by MRI), epididymal fat, mesenteric fat and calculated liver fat mass total ; this was then expressed as a percentage of body weight at the end of the study.
Glycated Hemoglobin Assays
Glycated hemoglobin assays were performed on 20 lL whole blood, using a direct enzymatic assay kit (Diazyme, Poway, CA) according to manufacturer's instructions.
Data and Statistical Analysis
Weights were expressed as a percentage change from the start of the experiment. Two-tailed t-tests were used for planned comparison of all data to shams. Statistical analysis was performed with Graphpad Prism 5, with P B 0.05 taken as significant.
Results
Two animals allocated to the de-afferentation arm died peri-operatively: one on induction of anesthesia, and the second of respiratory complications during the first postoperative night. Total animal numbers were therefore: sham, n = 7; vagotomy, n = 8; capsaicin, n = 5. One vagotomized animal died of anesthetic complications after fasting blood glucose assessment. Data from this animal are included in weight and feeding measurements, retroperitoneal fat assessment and liver fat quantification.
Vagotomy Reduces Age-Related Weight Gain
Initial animal weights were: 256 ± 3 g (sham), 253 ± 4 g (capsaicin) and 257 ± 4 g (vagotomy). There was no significant difference between groups (P [ 0.45). Sham animals showed a normal growth rate, gaining 162 ± 8% of their initial weight by the end of the study. At this stage, animals were still gaining weight, albeit slowly (approximately 1.4% of start weight per week, Fig. 1a ). Vagotomized animals gained significantly less weight than sham animals (maximum of 113 ± 9% weight gain, P = 0.0027). De-afferented animals trended towards a lower body weight than sham animals, although this did not reach significance (144 ± 9% weight gain, P = 0.19). Capsaicin-treated animals did however weigh more than vagotomized animals (P = 0.045).
Effect of Vagotomy and Selective Deafferentation on Food Intake
At the end of the study, when food intake was corrected for animal weight, there was no difference in food intake between the three groups (Fig. 1b) . Sham animals consumed 2.3 ± 0.2% of their body weight each day, compared to 2.1 ± 0.3% and 2.4 ± 0.4% for capsaicin and vagotomized animals respectively (P [ 0.16).
Vagotomy and De-afferentation Reduce Abdominal Fat Deposition
Vagotomized animals had significantly reduced intraabdominal fat deposits compared to shams (see Figs. 2 and 3a-c for representative images). Retroperitoneal fat mass was reduced by 48% in vagotomized animals compared to shams (P = 0.0004; Figs. 2, 3a and 4b) . Similarly, mesenteric fat mass was reduced from 2.6 ± 0.1% to 1.3 ± 0.3% of body weight by vagotomy (P = 0.0025, Figs. 3b and 4b) , while epididymal fat was reduced after vagotomy by 45% (P \ 0.0001, Figs. 3c and 4c) . Finally, the fat content of the liver per unit weight was reduced (albeit more modestly than abdominal fat deposits) by 18% after vagotomy (7.3 ± 0.6% to 5.9 ± 0.2% of liver wet mass; P = 0.036, Fig. 4d ). The relative hepatomegaly in the sham group translated to 45% more total liver fat compared to the vagotomized group, but this trend was not significant (P = 0.011). Total abdominal fat (mesenteric, epididymal, retroperitoneal, liver fat deposits) was reduced by 52% in vagotomized animals compared to shams (5.2 ± 0.6% vs. 10.6 ± 0.5%, P \ 0.0001, Fig. 4e ).
De-afferentation led to more modest reductions in body fat content, with trends to reduction in retroperitoneal fat (P = 0.11, Figs. 2, 3a and 4a) and mesenteric fat (P = 0.09, Figs. 3b and 4b) content in comparison with shams. There was no significant reduction in liver fat compared with shams (Fig. 4d) . Epididymal fat mass did however significantly decline after de-afferentation (P = 0.0412, Figs. 3c and 4c) , an 18% reduction. Total abdominal fat also significantly declined, with an 18% reduction (P = 0.039, Fig. 4e ) compared to shams; this was also significantly different to vagotomized animals (P = 0.006).
Body Mass Composition Changes Are Independent of Intestinal Glucose Handling
As we have previously reported changes in intestinal SGLT1 expression after afferent vagotomy, we measured SGLT1 transcription, expression and function. SGLT1 transcription was similar among the three surgical models (P [ 0.8, Fig. 5a ). Similarly, there was no significant difference among arms on protein abundance as measured by immunoblotting; however, vagotomized animals did trend towards higher whole-cell SGLT1 expression (P = 0.15) compared to shams. In contrast, de-afferented animals trended towards a lower expression of SGLT1 compared to vagotomized animals, although again this did not reach significance (P [ 0.08), either compared to shams or vagotomized animals. Representative blots are shown in these findings: glucose uptake capacity in sham animals was 3.3 ± 0.5 nmol.mg -1 min -1 ( Fig. 5c ) with no significant difference between vagotomized and de-afferented animals (P [ 0.7; 3.2 ± 0.6 and 3.1 ± 0.5 nmol mg -1 min -1 , respectively). Similarly, there were no significant differences for fasting blood glucose levels (P [ 0.2, data not shown), nor for Hb a 1C (P [ 0.3; 5.5 ± 0.4% vs. 5.6 ± 0.2% for sham and vagotomized animals, respectively). This suggests that in these non-diabetic obese animals, glucose metabolism remains normal after vagal denervation procedures.
Discussion
We have shown that total vagotomy leads to a significant reduction in age-associated obesity, as measured both by total body weight, and by abdominal fat assessments, with 52% reduction in visceral fat content compared to shams.
Hepatic steatosis was also reduced by 31%. In contrast, vagal de-afferentation led to more modest changes in obesity as assessed by total body weight and individual abdominal fat measures. Nevertheless, it does achieve a significant reduction in total visceral fat, with an 18% reduction in fat mass per unit weight.
These results support previous findings showing that vagotomy enhances weight loss, both as a unique weight loss procedure [2-4, 14, 15] , and as an adjunct to other bariatric procedures such as gastric banding or sleeve gastrectomy [16, 17] . Indeed, these data from rodents (showing an 18% body weight reduction) match remarkably well with the data from these human trials. Our results for capsaicin also support the much smaller body of extant work with long-term survival after de-afferentation in rodents, with previous reports suggesting reductions in body-weight and fat deposition [10, 18] . Our experiments further the field by providing more detailed analysis of the changes in fat distribution and intestinal glucose transport.
Of particular interest are our data showing a preferential reduction in visceral fat following both vagotomy and de-afferentation; in both procedures visceral fat reduction was achieved at a higher percentage than the reduction in total weight. Although the reduction in visceral fat following de-afferentation may seem rather modest, it is worth noting that visceral abdominal fat content is highly associated with metabolic syndrome [19, 20] , dyslipidemia [20, 21] , atherosclerotic disease [22] , insulin resistance [23] and all cause mortality [24] . In this context, even a relatively small reduction in visceral abdominal fat can lead to significant reductions in morbidity. This is made more profound by the exponential nature of the relationship between visceral fat content and mortality, such that in patients with very high levels of visceral abdominal fat, even small changes in visceral fat mass may lead to large changes in overall risk of death [24] . In fact many of the metabolic improvements seen after weight loss surgery are linked to changes in visceral fat rather than total weight; in a study of patients 6 months after laparoscopic gastric banding, there were significant improvements in many cardiovascular and metabolic risk markers, which was strongly associated with visceral fat reduction, but not total body weight loss [25] .
It seems clear from these results that vagal de-afferentation alone has an effect on body fat deposition, although this is not to the same extent as truncal vagotomy. This implies that both efferent and afferent vagal fibers contribute to the resistance to development of age-associated obesity observed in rats. Our data however has some limitation as we did not confirm the completeness of our truncal or afferent vagotomy. We have previously validated our surgical technique for the truncal vagotomy using fluorogold, demonstrating very high rates of completeness [6] . To avoid the stress of this procedure in the rodents in the a Retroperitoneal fat pads were carefully dissected free for illustrative purposes, although these were not weighed as formal assessment was performed using magnetic resonance imaging. b Mesenteric fat pads, including both the mesentery and omentum. c Epididymal fat pads from each cohort, with clearly reduced fat deposition in both de-afferented and vagotomized animals compared to shams last week of life when they were also subjected to MR scans, we omitted this confirmatory test. However, given the prolonged follow-up period, a degree of vagal truncal regeneration is possible. Other groups have examined neural regeneration after truncal vagotomy, and have shown afferent fibers, unlike efferent fibers, can regenerate up to 45 weeks post-vagotomy in rats and mice [26] [27] [28] . However, this is incomplete and not comparable to the intact animal [27] . One limitation of our study is that we did not perform confirmatory tests for our selective de-afferentation, using tests such as the CCK suppression test [29] . Although we have previously reported our technique for successful selective deafferentation with capsaicin, the follow-up period for those studies was shorter. Acknowledging this limitation, it should however be pointed out that incomplete deafferentation, or regeneration of fibers, would be expected to reduce the efficacy of these procedures, hence biasing the results towards accepting the null hypothesis. Significant results were obtained despite this possibility.
The mechanisms by which either neural pathway might be acting remain unclear. It has been long appreciated that truncal vagotomy reduces food intake in rats [30] . Although gastric distension is a pronounced feature of such animals, delayed gastric emptying does not seem to be the etiological factor, as evidenced by no change with pyloroplasty [30] . Indeed, in our animals (at least at the end of the study), there was no difference in quantity of food consumed per unit body weight by vagotomized animals compared to shams. It would have been interesting to review the quantity of food consumed at earlier time points during the experiment, but unfortunately these data were not collected. The mechanisms underlying the effect of vagal de-afferentation on weight-loss remain unclear. However, it is becoming increasingly recognized that vagal afferents play an important part in energy homeostasis. The nucleus tractus solitarius, the vagal afferent nucleus, senses afferent inputs to regulate energy balance [31, 32] . Some of these afferent inputs convey satiety, through CCK-mediated stimulation, and thus their ablation would be assumed to impart an adverse effect on weight. However these pathways seem to be dysregulated in obesity, and vagal afferent fibers also appear to play a role in other pathways that could be beneficial targets in fighting obesity. For example, preliminary reports have suggested that intact intestinal mucosal afferent fibers are required for the normal accumulation of fat in visceral tissues [33] . Supporting this, there are early descriptions of weight loss accompanying chronic cervical vagal stimulation as a treatment for major depression [34] . It should be highlighted that we took several steps to ensure that capsaicin was selectively demyelinating the vagal afferent fibers, without a more systemic impact. To achieve this, we avoided systemic, or intra-peritoneal injection of capsaicin. Capsaicin was applied topically to the nerve and the gastroesophageal junction wrapped in parafilm, before carefully lavaging the peritoneal cavity at the end of the procedure to ensure there was no peritoneal spillage or contamination.
We found no changes in intestinal SGLT1 expression or glucose transport capacity after either vagotomy or deafferentation. This was not however surprising, as we were using a non-diabetic rat model. Unlike such disease models, where there is an elevation of SGLT1 expression and therefore vagotomy may have a therapeutic role by reducing the baseline expression, such finding was not expected in a non-disease model. Although we, and others, had previously shown disruption of the circadian rhythm of SGLT1 expression in normal rodents with vagal manipulation, these experiments were performed at a single time point and thus circadian disruptions were not assessed. We were thus encouraged to see that in a nondiabetic model, vagal manipulation does not adversely impact intestinal glucose transport. The data also suggest that the observed weight loss is unlikely to be due to changes in carbohydrate absorption. This is due to functional data presented, as well as lack of diarrhea seen. It should however be also considered that either a non-neurally mediated adaptive process has returned glucose transport function to that of shams, or that vagal afferents have regenerated as discussed earlier. Furthermore, we used aged rats in this study. Aging has been shown to reduce intestinal glucose transport both in rats [35] and humans [36] . Indeed, the intestine in this study was notably very atrophic, with relatively low glucose transport rates of 3.1-3.3 nmol mg -1 min -1 observed compared to rates approximating 4.5 nmol mg -1 min -1 in historical controls (young sham-operated animals maintained on high-carbohydrate high-fat diet) [37] . Thus, it is possible that both aging and vagotomy cause a loss of some of the reserve capacity for glucose transport. Given that intestinal glucose transport is up-regulated in T2DM by three-to four-fold [38] , it is now important to repeat these experiments in a T2DM model to examine whether de-afferentation or vagotomy influences or normalizes intestinal glucose transport during these disease states. Indeed, this may explain the greater magnitude of effect of vagal de-afferentation in Zucker rats, both in terms of weight [18] and glucose homeostasis [18, [39] [40] [41] , compared to our data reported here. Of note, the test diet provided to the animals was both rich in simple sugars and in fats, representing the typical Western diet. It is possible that the fat content influenced the results we observed, either reducing or increasing the weight loss effects. In particular, experiments using knockout mice for the neuronal vanilloid receptor TRPV1 (which mediates the acute effects of capsaicin, and is present on capsaicin-sensitive afferents) are resistant to diet-induced obesity only in the context of a high-fat diet [42] . It clearly will be important to examine whether capsaicin-sensitive vagal afferents confer the same susceptibility to diet-induced obesity with differing dietary constituents, for example, high-sugar versus high-fat.
Summary
In summary, we have shown that both efferent and afferent vagal neural pathways are involved in the development of diet-induced obesity in the context of a high-carbohydrate high-fat diet. In particular, both influence abdominal visceral adiposity, with consequent implications for the risk of development of metabolic syndrome and cardiovascular disease.
